The spatial and temporal components of a published wind power parameterization method are evaluated using observed winds (9 m to 90 m) from 7 years of data collected at 4 towers in the Kennedy Space Center/Cape Canaveral Air Force Station network. The temporal component is governed by two parameterization inputs which represent the amplitude and mean of an assumed sinusoidal diurnal variation of the ratio of the 80 m-to-10 m winds respectively. Comparison with tower observations show that the estimates of the mean ratio are robust but biased high --indicating that the temporal variation of the observations can be approximated by, but is not, a pure sinusoid. The observed and parameterized amplitude are poorly correlated as the amplitude estimate is sensitive to small phase shifts in the diurnal variation of the ratio of the wind speeds. The These results illustrate the potentially problematic nature of combining the lowest residual producing (extrapolation) method, obtained from a fit to the 00 or 12 UTC wind profiles, and the daily-averaged 10 m wind to produce a daily-averaged 80 m wind estimate. 
Introduction:
Various methods have been applied in attempt to quantify "regional" wind power. While the motivation is clear, i.e., to provide a basis upon which critical decisions regarding the siting of wind energy farms can be made, the techniques used to map regional wind resources remain only marginally useful in that they are not designed to identify variability on a local scale and hence do not circumvent the need for site-specific wind measurement efforts. This is especially the case in complex terrain or in coastal regions where there can be significant differences between offshore and onshore wind resources (e.g., Brower 2002) .
Wind resource mapping and surveys have been conducted in the past (e.g., Petersen et al. 1981; Elliot et al. 1986; Troen and Petersen, 1989; Schwartz and Elliot 2001, etc.) with current techniques tending towards high-resolution mesoscale modeling systems that act as a surrogate to observations-i.e., produce the wind climatology. The advantage of such systems is that they can simulate complex meteorological phenomena (e.g., sea breeze, slope flows, nocturnal jets, boundary layer evolution and decoupling, surface roughness, etc.) that are not represented in wind flow models or impractical to observe at similar resolutions over a large region. Despite the benefits of modeling a wind climatology, the models have limitations -some of which are often accentuated at high resolution. For example, the model physics, e.g., radiation, turbulence, microphysics, which are parameterized (to varying degrees), are particularly relevant for producing realistic high resolution simulations (i.e., they must accurately represent the sub-mesoscale or local forcing especially for relatively quiescent large-scale conditions, e.g., slope/drainage flows in complex terrain).
In the absence of model data or turbine-level observations, it is common practice to extrapolate surface wind data upwards to produce and evaluate wind map climatologies. For example, the National Renewable Energy Laboratory (NREL) national wind energy atlas wind resource analysis was composited using data primarily collected at heights ranging 3 to 15 m agl, with extrapolation to higher levels based on the 1/7 power law. The power law [Elliot et al., 1986] and logarithmic law [Arya, 1988] have well-known limitations yet are frequently used because of their simple nature. Recent work by Archer and Jacobson [2003, hereinafter referred to as AJ] applies both of these commonly used profiles to a least-squares methodology and a combination of surface observations and radiosonde data. In their work they "best fit" the winds from multiple upper air stations with the winds (10 m) from a single surface station to obtain an estimate of the 80 m wind at the surface station in question. For 10 of their surface stations in which hourly data are available, the 80 m wind speeds are also interpolated in time to fill the gaps between the sonde times (typically 00 and 12 UTC).
The Archer and Jacobson results were somewhat surprising in that they show relatively significant wind energy potential at a few sites along the Florida east coast (e.g., Figure 3 Archer and Jacobson) -an area regarded by previous studies to have insufficient winds (e.g., Elliot et al. 1986 ). Various aspects and assumptions of the AJ technique are examined by comparing their methodology to high resolution wind tower data collected at the Kennedy Space Center over a 7 year period.
Data
Five-minute data (1995) (1996) (1997) (1998) (1999) (2000) (2001) from the meteorological tower data network at the Kennedy Space Center (KSC) and Cape Canaveral Air Station (CCAS) are used to produce the statistics for this work. The wind speed and direction were sampled at 1-second resolution and then averaged 6 to create a time series of 5-minute means. The data were processed for errors using a sequence of checks including unrealistic values, standard deviation, a peak-to-average wind speed ratio, and vertical/temporal consistency [Lambert, 2002] With the exception of last 6 months of 2000, the data availability for the 7 year period is generally quite good and ranges from a low near 70% in January (for all levels) to more than 95% for the month of March. Data prior to 29 January 1995 were removed (in entirety) from the data stream as it marked the end of a period where KSC/CCAS transitioned from a less accurate measuring system.
Method i. Archer and Jacobson
The AJ least-square (LS) estimate of the 80 m wind (V80) is produced by pairing 5 proximity soundings with the 10 m wind (V10) at a single surface station. In their method, they regress the sounding winds (at three levels) against both the power-law and logarithmic law --choosing the fit with the lowest residual to reproduce the empirical wind profile at each of the sounding locations. For cases where the wind speed decreases with height, AJ linearly extrapolate upward (from 10 m) to 80 m in order to avoid producing spuriously large 80 m winds. These profiles are then fit to the 10 m wind observations at the individual stations to produce an "estimate" of the 80 m winds at each of the 5 proximity stations. It is this estimate that is interpolated (via inverse distance weighting) back to the station locations to produce an 80 m wind estimate valid at the sonde times (i.e., 00 and 12 UTC).
Because the soundings, and hence estimates of V80, are generally limited to 00 and 12 UTC, AJ use the ratio of the 80 m-to-10 m winds ρ calculated at the sounding times to fill in the hourly V80 trends at the station. For 10 of their stations in which the hourly 10 m wind data were available, the AJ V80 trend is modeled as a sinusoid, where A = 0.5*(ρ max -ρ min ), h is the time of day (UTC), δ is the time shift (hours) that ensures that the sinusoid minimum in ρ matches the observed ρ min ., and is the diurnal mean V80-to-V10 ratio. Because AJ do NOT have , they apply/assume the following:
where ρ 00 and ρ 12 are 00 and 12 UTC ratio of V80-to-V10 winds respectively and the denominator was obtained such that the AJ (hereafter ) estimate matched an observed based on a 6-year PNL data set from16 sites (Sandusky et al. 1982) .
To estimate the amplitude A (hereafter A AJ ) of the sinusoid in equation (1) above AJ also make the following approximation where by trial and error they pick α = 1.2. There may be days where ρ 12 < ρ 00 which produces a negative amplitude. It is not obvious how to deal with these days. For example, one can 1.) remove all days for which A AJ < 0, 2.) take the absolute value of A AJ , or 3.) allow the amplitude to be negative [option 3 results in a 12 h phase shift in ρ(h)]. AJ assume the latter of the three and, without 80 m wind data, it is impossible to evaluate the validity of their assumption (Archer, personal communication) .
In order to eliminate negative wind speeds, AJ remove days where which, in our data stream this represents less than 3% of the total data depending on the month (see Table 3 ).
Note however, that removing days where the amplitude is large may bias the wind power estimates low. It is also not clear whether or not the sinusoidal fit is appropriate for this site (e.g., a collapse in the daytime mixed layer may produce significant asymmetries in the observed diurnal cycle of ρ). These latter two issues are revisited in more detail in section 4.
The aforementioned temporal issues are not relevant with respect to AJ Figure 3 (wind map) because hourly data were not available at many of the surface stations. As a result, the AJ wind map is produced using a combination of their LS methodology and daily-averaged values for V10
at each individual surface station. If two soundings are available on a given day, an average of the 80 m wind obtained from each profile is used. Both AJ approaches are used/evaluated herein to
A AJ ρ AJ > estimate the 80 m wind power in a small region along the central Florida coast near the Kennedy Space Center.
The NREL-based wind power class rating system for 80 m winds is given in Table 1 Figure 2 ). XMR is the closest (and thus most heavily weighted) upper air station to all 4 of these surface stations followed by TBW.
The order in which the upper air stations are weighted differs only slightly between that of KCOF and KXMR and is identical between TTS and TIX (Archer, personal communication) .
Also, each of the sites under consideration, including the tower data, are situated in a relatively open space along runways in areas that are of similar surface roughness. Hence, the striking difference in AJ power estimates between these proximity stations is likely related to the 10 m winds at these locations. It is also interesting to point out that the AJ 80 m wind power class at each of the sonde locations shown in Figure 2 is 1 --each with average annual 80 m winds < 5.9 m/s (Table 2) .
ii. Observations
Here, the AJ parameters are calculated directly and compared to observations. For example, the ratio of the V80-to-V10 wind speeds are calculated at the 5 min. resolution of the data. Because the tall tower (3131) does not have 9 m winds, a combination of the 90 m level winds from tower 3131 and 9 m winds from three nearby towers (511, 512, and 513 see Figure 1 ) are used. The brackets included in the tables are the minimum and maximum values obtained from 3 distinct estimates calculated from the pairing of the 9 m data from towers 511, 512, and 513 and the 90 m data from tower 3131. The AJ parameters are then compared with their observed counterparts (i.e., "truth") from which their impact on the wind energy estimates at the KSC can be evaluated.
The daily amplitude is calculated assuming a fixed value for δ which is taken to be zero for all months (note here we define ρ to be a function of time in UTC not LST as in AJ). With δ fixed, a least-squares fit for the mean and amplitude in equation (1) above is performed. This yields two equations and two unknowns (A, ), where β = sin(πh/12). Here, and hence and .
Temporal Evaluation
Using daily inputs, the monthly averages of the observed and AJ A and are calculated. Table 4 . For all months and towers, A AJ is smaller than the observed amplitude A. Similarly, except for the summer months (May-August), is less than . As one might expect for the region, the observed magnitudes of both parameters are maximum (minimum) in the cool (warm) season.
Because the wind power potential varies as the cube of the wind speed it is advantageous to examine its sensitivity to the AJ parameters (A and ). Using equation (1) one can express the wind power in terms of the AJ parameterization, i.e., where ρ air is the air density (taken to be 1.225 kg/m 3 ), and V 10 is the 10 m wind speed (the actual power yield from a large turbine however is more closely related to a square relationship as it involves a combination of equation [5] and the actual wind distribution). Despite the finding that, in general, is less than and A AJ is less than A (which intuitively should contribute to an underestimate of the 80 m wind power), the AJ method significantly overestimates the 80 m power (Table 4 ) when compared to the observations --yielding estimates well above that observed for all months.
i. Bias and nonlinearity
As with all nonlinear parameterizations, the estimate of a nonlinear function value using the average of the inputs will not equal the average of the function calculated using the individual
inputs (e.g., Larson et al. 2001) . The sensitivity of the AJ parameterization using representative observed values for the inputs A (= 0.85) and (= 2.0) is examined in order to gauge the potential for using an extended average (e.g., monthly) of the AJ inputs to estimate the wind power.
Here, "representative" implies a selection of reasonable (i.e., within the bounds of those observed) parameter values from Table 4 . Figures 3a and 3b indicate that both curves are concave up and, as a result, suggest that wind power estimates using an average (e.g., monthly) of the Archer input parameters (which lie on the parabola for the given value of the average input) will underestimate (erroneously) the wind power when compared to the average power calculated for individual input values (e.g., for two inputs this lies at the midpoint on a straight line connecting the two points). Of particular note, the AJ parameterization is only weakly non-linear with respect to the amplitude (for observed A ranging from 0 to 1 in Figure 3a ). For the observed ranges of the average monthly parameters, the AJ parameterization shows greater sensitivity in the wind power estimate to variations in (~ 250 W/m 2 ) than due to variations in A (~50 W/m 2 ).
In order to examine the impact of the AJ parameters on the estimated power, a plot of versus for each individual day for the month of January (for all years) is shown ( Figure 4 ). The observed and AJ estimates are fairly well correlated and the slope of the curve ~ 1.2 suggests that the estimate is robust but biased high. The high bias can be explained simply by considering the observed January ρ(h) time series ( Figure 5 ). Because the observed time series is not a pure sinusoid, for the month of January (dashed line) is clearly less than which uses ρ 00 and ρ 12 only. Similarly, A and A AJ are compared [ Figure 6 , where A is the absolute value of AJ estimate from equation (3)]. In contrast to , the observed and parameterized amplitude is poorly correlated suggesting that the AJ estimate of the amplitude is not robust. This is not surprising as
an estimate of an amplitude using only two points will likely be quite variable because of its dependence on small phase shifts in the diurnal signal. This is not the case for estimates where, for a pure sinusoid, the average of any two samples 12 h apart will always yield the mean.
ii. Evaluation of parameterization assumptions
AJ estimates of 80 m wind power depend on the cube of both and A, and it was mentioned
previously that values, of these parameters, larger than observed will contribute to spuriously large power estimates. However, for this site, both and A AJ are, for the most part, both less than observed (Table 4) . Additionally, AJ power estimates for a wide range of input parameter values ( Figure 3 ) are generally less than 500 W/m 2 which, for most months, are substantially smaller than the AJ values shown in Table 4 and hence are not likely the cause of the over-estimate of the AJ wind power here. In an effort to identify the source for the spurious power estimates, various observed statistics are presented in Table 3 . For the most part, the wind speed increases with height, with the exception of summer months (June-August) when the sea breeze circulation dominates. There are only a few cases (which, as previously mentioned, are rejected here) where |A AJ | > . In contrast, the number of occurrences where A AJ is less than zero (i.e., ρ 00 < ρ 12 ) is quite large (ranging from 30 to 55%). In addition, the 00 and 12 UTC observations of ρ are not necessarily a good indicator of the diurnal trend of ρ (not shown). Both of these are important issues if one assumes, as AJ do for their hourly analysis of 10 west/midwest stations, that a negative amplitude indicates a 12 h phase shift in ρ(h). A "12 h phase shift" implies that the sinusoid is multiplied by negative one. To test the hypothesis that power estimate errors using the AJ methodology were a result of an assumed phase shift in ρ, the AJ power is recalculated using the least-squares fit of A and from equation (4). The parameter, δ, is assumed to be zero and more importantly A is assumed to be positive definite (i.e., A = |A|, no phase shifts in ρ). Monthly results, shown in Table 4 (P AO ), indicate that the observed fit is quite good and predicts wind power classes that are what one might expect for the region. These results also indicate that a sinusoidal fit is appropriate for this site (assuming no phase shift in ρ and representative values for the AJ parameters). As previously mentioned, removing days where the amplitude is large, may bias the wind power estimates low by excluding days with significant wind events. However, comparisons with the observed wind power for all days (i.e. including days where the AJ method does not yield an estimate because ) are also quite good (not shown). Because of this, we do not examine days where , however it might be instructive to do so for other stations where significant wind events are more common.
Least-squares Evaluation
The AJ least-squares (LS) methodology is examined using the data from towers 3131 and 511.
To emulate the AJ method, tower wind profiles are sampled at 00 and 12 UTC and then fit independently (via least-squares regression) to one of four functions: To be consistent with AJ, at least 3 levels must be present at 00 and 12 UTC to apply the LS methodology.
Although AJ fit 5 proximity soundings, the fit to a single "pseudo" sounding from the tower data, as presented herein, clearly illustrates some of the relevant issues, sensitivities, and problems associated with applying this methodology.
The AJ method estimates the free parameters (i.e., α, UTC soundings and then averaged (if they both exist, Archer personal communication). The twoparameter log law is employed for cases where the reference velocity (at 00 or 12 UTC) is zero while the linear fit is intended for cases where the winds decrease with height. However, it is worth pointing out that the 2-parameter log fit will often yield a lower residual than the traditional log law but does so at the expense of removing the horizontal variability represented by the 10 m wind. Table 5 lists the monthly averaged 80 m wind and power estimates obtained from the AJ LS methodology using the 00 UTC profiles (V80 AJ00 and P AJ00 respectively) and 12 UTC profiles (V80 AJ12 and P AJ12 respectively). Additionally, the table also contains the 80 m wind power estimated using: the daily mean 80 m wind as input (P V80 ); the 5 min. data for days when a regressed profile exists (P); and the 5 min. data when a regressed profile exists but with days removed where the friction coefficient or roughness exceeds 0.5 and 5 respectively (P f ). To be consistent with the AJ method, a daily average is first produced from which an average for the month is obtained. The removal of observations for days (profiles) in which a regression (i.e. LS fit) does not exist and for cases where the friction coefficient α exceeds 0.5 or the roughness length z o is greater than 5 m, produces a high bias in both V80 and P f (i.e., larger than their "true" estimates)
for most months (compare V80 and P in Tables 4 and 5) .
For all months, V80 00 is greater than the observed 80 m winds. Regression results based on the 12 UTC profiles indicate that V80 12 are less than V80 00 for all months and less than the observed 80 m winds for September-January and June. The LS methodology yields, for the 00 UTC wind profiles, class 3 and 4 wind power estimates for October through April --a departure from the observed wind power class of 2 for these months. Differences in the LS average daily power for the two profiles approach 150 W/m 2 (October/November) with power estimates being larger for all months for the 00 UTC extrapolation. The differences between the two profile estimates are associated, in part, with boundary layer decoupling which contributes to a decreased 10 m wind for the 12 UTC profiles. AJ power estimates are larger than observed for all months for the 00 UTC profiles and lager than observed for all but the summer months (June-September) for the 12 UTC profiles.
Differences between the observed daily-averaged power and the LS methodology in excess of 500 W/m 2 are identified in Table 6 (% flagged profiles). The slashes separate 00 and 12 UTC pro-files respectively. Here, cases where the friction coefficient α exceeds 0.5 or the roughness length z o is greater than 5 m have been included in order to illustrate the impact of these two fitting parameters on the regression. A considerable number of profiles yield AJ power estimates that exceed 500 W/m 2 --ranging from a maximum of 23.9% (12 UTC March) to less than 1% (00 UTC, July). The percentage of the total number of "rejected" power law profiles for which the friction coefficient α exceeds 0.5 is given in Table 6 columns 3 and 4 (α > 0.5). The power law is emphasized here because it yields the lowest residual on the order of 15 to 20% of the time, but is responsible for a disproportionate number of the total flagged profiles when compared to the other methods and yields the largest overall biases for all months and both profiles (not shown). A significant percentage (greater than 40%) of "flagged" power law profiles would not be removed from the analysis during the region's significant wind months (i.e. October-March). Although the removal of large friction coefficient profiles improves the 80 m wind estimates (not shown), the AJ power estimates still exceed the observed for all but the 12 UTC profiles for June-September (Table 5 ).
As mentioned, not all of the spurious (flagged) power law profiles are rejected however (i.e., a relatively significant number of rejected profiles actually have values of α < 0.5). A comparison of the November statistics for which there is a large difference between the 00 and 12 UTC power estimates (458 W/m 2 versus 293 W/m 2 respectively, Table 6 ) nicely illustrates the impact of the rejection as only 61% of the flagged power law profiles are removed from the 00 UTC power estimate versus 86% for the 12 UTC profile. At this site, a smaller cutoff value for the power law coefficient α would improve power estimates by removing more of the offending profiles. However, to do so would further reduce the amount of data (which, for some of the site's relatively significant wind months, is already reduced on the order of 20%). Obviously, under the appropriate circumstances this is a desired result (i.e., representative of the true vertical wind profile). However, for this site, the 10 m mean winds are "biased high" (i.e.
greater than the profile winds) for both profiles (00 and 12 UTC) and all months with the exception of summer (May-August, Table 6 columns 3 and 4).
In an effort to quantify the high bias in the AJ 80 m wind, the regressed minus observed power difference (∆P, W/m 2 ) is plotted as a function of the difference between the 10 m daily-averaged and 00 UTC wind (V10 -V10 m/s, abscissa), and the difference ratio between the 80 m and 10 m 00 UTC and mean winds respectively [(V80 00 -V10 00 )/(V80-V10), ordinate] for February 1995 . The difference ratio is a measure of the relative slope of the 00 UTC wind profile to that of the mean profile while the abscissa represents the difference between the intercepts for the 00 UTC and the mean wind profile. For zero intercept difference, a difference ratio greater (less) than one will trend toward a high (low) power estimate for a given day. Similarly, for a fixed difference ratio of one, a positive (negative) intercept will tend to produce power estimates greater (less) than observed. Figure 12 shows a relatively clear delineation between the positive and negative power bias, with increasing positive bias (i.e. P AJ > P) for both larger intercept and slope differences. The figure also indicates that the negative bias is generally low (< 200 W/m 2 , black filled squares). In tandem, the slope and intercept biases are a good predictor of the performance of the AJ LS methodology. Additionally, the monthly average intercept bias alone is also a good indicator of the AJ method performance (see Table 6 ) with negative/low intercept bias during May-August (power estimates within 50 W/m 2 of the observed) and positive/high intercept bias during October-March (power estimates on the order of 100 W/m 2 larger than observed).
Conclusions
Both the temporal and spatial aspects of the wind power parameterization of Archer and Jacobson are examined using a combination winds from 4 towers in the Kennedy Space Center/Canaveral Air Force Station tower network. Various sensitivities in the temporal and spatial extrapolation methods are exposed --the latter of which may explain, to some extent, the high degree of variability and ostensibly spurious AJ wind power estimates along the central east Florida coast. With respect to the temporal component of the AJ parameterization, the findings include:
1. AJ estimates of the ratio of the 80 m-to-10 m winds are robust but biased high. The relatively good estimates of this ratio indicate that the temporal variation of the observations can be approximated by a sinusoid (with the high bias related to the fact that the observed time series is not a 'pure' sinusoid).
2. Observed and parameterized diurnal amplitude of the ratio of the 80 m-to-10 m winds are poorly correlated because the estimate of the assumed sinusoidal amplitude uses only two points and is thus sensitive to small phase shifts in the diurnal signal.
3. For this site, it is incorrect to assume that negative amplitude estimates from equation (3) 5. This site may not be an appropriate site for evaluating the hourly methodology, given the time zone of Florida (4-5 h from UTC) as the sounding times often produce small and/or negative amplitude estimates.
An examination of the spatial component of the AJ parameterization, which involves a least squares fit (to one of four assumed wind profiles) using 00 and 12 UTC tower winds, indicates that:
1. The power law, which frequently yields the lowest residual (on the order of 15 to 20% of the time), is responsible for a disproportionate number of profiles (when compared to the other LS methods) with power estimates greater than observed.
2. For this site, the daily-averaged 10 m wind is often larger, on average, than both the 00 and 12 Table 2 for more information). Map obtained from http://www.aquarius.geomar.de/omc/omc_intro.html, Wessel and Smith (1995) . Tables   Table 1. 5.9-6.9 3 6.9-7.5 4 7.5-8.1 5 8.1-8.6 6 8.6-9.4 7 
